Insecticidal juvenile hormone analogs stimulate the production of male offspring in the crustacean Daphnia magna. by Olmstead, Allen W & LeBlanc, Gerald A
Environmental sex determination occurs in a
species when the sex of offspring is dictated
by prevailing environmental conditions
(Korpelainen 1990). Species exhibiting this
form of sex determination can be found
among rotifers, nematodes, polychaetes, crus-
taceans, insects, ﬁsh, and reptiles (Korpelainen
1990). In all cases of environmental sex deter-
mination, animals interpret cues from the
environment that indicate whether male or
female progeny would maximize population
sustainability. Hormonal or metabolic path-
ways are altered in receptive individuals in
response to the environmental stimuli that
lead to the production of offspring of the
desired sex. Human activity, including the
introduction of xenobiotics into the environ-
ment, can disrupt this process. For example,
exposure of turtle eggs to some polychlorinated
biphenyls can skew sex ratios of offspring in
favor of females (Bergeron et al. 1994).
The crustacean Daphnia magna exhibits
environmental sex determination. Broods of
female offspring are produced under favor-
able environmental conditions, and the daph-
nid population expands through asexual
(parthenogenic) reproduction. When envi-
ronmental cues such as shortening of the day-
light period and decreased food occur, these
populations begin to produce males and
undergo a cycle of sexual reproduction
(Hebert 1978). Sexual reproduction generates
dormant resting eggs encased in protective
ephippia. These resting eggs will resume
development and hatch when environmental
conditions improve, allowing a population to
survive in a habitat that periodically becomes
inhospitable to the adult (Hebert 1978; Wolf
and Carvalho 1989).
Although the environmental stimuli that
induce the production of male progeny in
daphnid populations have been well studied,
the endocrinology of this event has not been
fully characterized. We recently reported that
exposure of daphnid oocytes to the crustacean
hormone methyl farnesoate during late ovar-
ian development causes the oocytes to
develop into males, whereas only females are
produced in unexposed animals (Olmstead
and LeBlanc 2002). Thus, methyl farnesoate
is a likely endocrine factor that transduces the
environmental cues (changes in photoperiod,
reduced food) to the physiologic response
(production of male offspring). Methyl farne-
soate is a terpenoid hormone synthesized by
the mandibular organ in decapod crustaceans
(Borst et al. 1994; Ding and Tobe 1991) and
is involved in various aspects of crustacean
reproduction and juvenile development
(Homola and Chang 1997; Laufer and
Biggers 2001; Laufer et al. 1993). We propose
that methyl farnesoate stimulates male prog-
eny production by activating an ultraspiracle-
like receptor in daphnids. Ultraspiracle is a
retinoid X receptor ortholog found in insects
and crustaceans (Chung et al. 1998; Oro et
al. 1990). Methyl farnesoate is structurally
very similar to the insect terpenoid juvenile
hormone III (Figure 1), which can activate
ultraspiracle (Jones and Sharp 1997).
In a previous study, we reported that
chronic exposure of daphnids to the insecticidal
juvenile hormone analog (JHA) methoprene
shifted sex ratios of offspring toward males com-
pared with controls (Olmstead and LeBlanc
2001). We hypothesized that methoprene elic-
its this effect on daphnid sex determination by
acting as a methyl farnesoate agonist. We tested
this hypothesis in the present study by exposing
daphnids to a variety of chemicals to determine
if the stimulation of male production was
unique to JHAs. We also evaluated the ability
of the JHAs methoprene and pyriproxyfen to
program sex in oocytes during ovarian matura-
tion, as was observed with methyl farnesoate
(Olmstead and LeBlanc 2002). Finally, binary
combinations of the JHAs and methyl farne-
soate were evaluated for concentration additiv-
ity as an indicator of shared mode of action.
This model is similar to the toxic equivalency
approach used to assess the combined toxicity
of chemical mixtures (i.e., dioxins) that elicit
effects through a common mechanism (Safe
1990). However, if the JHAs and methyl farne-
soate alter sex ratios through different mecha-
nisms, then their combined effects would
conform with a model for independent joint
action (Bliss 1939). This model assumes that
the two chemicals elicit a common effect
(altered sex ratios) by acting at different sites
along the signaling pathway leading to sex
determination.
Materials and Methods
Daphnid culture. Daphnids (Daphnia magna)
were cultured in incubators at a density of 40
adults in 1 L of medium at a temperature and
photoperiod of 20°C and 16 hr light. Algae
(Selenastrum capricornutum), cultured in
Bold’s basal medium, was used as a food
source for daphnids during culturing and
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Juvenile hormone analogs (JHAs) represent a class of insecticides that were designed speciﬁcally to
disrupt endocrine-regulated processes relatively unique to insects. Recently we demonstrated that the
crustacean juvenoid hormone methyl farnesoate programs oocytes of the crustacean Daphnia magna
to develop into males. We hypothesized that insecticidal JHAs might mimic the action of methyl far-
nesoate, producing altered sex ratios of offspring. Daphnids were exposed chronically (3 weeks) to
sublethal concentrations of methyl farnesoate, the JHA pyriproxyfen, and several nonjuvenoid chem-
icals to discern whether excess male offspring production is a generic response to stress or a speciﬁc
response to juvenoid hormones. Only methyl farnesoate and pyriproxyfen increased the percentage
of males produced by exposed maternal organisms. As previously reported with methyl farnesoate,
acute exposure (24 hr) to either pyriproxyfen or the JHA methoprene caused oocytes maturing in the
ovary to develop into males. We performed experiments to determine whether combined effects of a
JHA and methyl farnesoate conformed better to a model of concentration addition (indicative of
same mechanism of action) or independent joint action (indicative of different mechanisms of
action). Combined effects conformed better to the concentration-addition model, although some
synergy, of unknown etiology, was evident between the insecticides and the hormone. These experi-
ments demonstrate that insecticidal JHAs mimic the action of the crustacean juvenoid hormone
methyl farnesoate, resulting in the inappropriate production of male offspring. The occurrence of
such an effect in the environment could have dire consequences on susceptible crustacean popula-
tions. Key words: crustacea, Daphnia, endocrine disruption, invertebrate, methoprene, methyl farne-
soate, mixtures, pyriproxyfen. Environ Health Perspect 111:919–924 (2003). doi:10.1289/ehp.5982
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Research | Articleexperimentation. Algae (1.4 × 108 cells) were
provided to each 1-L culture twice daily, and
offspring were removed from the cultures at
least three times weekly. Cultures were nutri-
tionally supplemented with a fish food
homogenate, prepared as described previously
(Baldwin and LeBlanc 1994) and provided to
the cultures at 4 mg (dry weight) twice daily.
Cultured daphnids reproduce asexually under
these conditions, with virtually all progeny
(> 95%) being female.
Male progeny production during chronic
exposure. We determined previously that the
strain of daphnids used in our laboratory pro-
duces male progeny in response to high popula-
tion density and reduced food availability
(Olmstead and LeBlanc 2001). We also
demonstrated that culturing of daphnids under
environmental conditions that permitted a
basal level of male progeny production allowed
for increased male production upon exposure to
the JHA methoprene (Olmstead and LeBlanc
2001). Therefore, daphnids were exposed to
various chemicals under conditions of high
population density (15 daphnids in 200 mL of
media) and low food level (2.1 × 106 cells pro-
vided twice daily), and the stimulation of male
progeny production was evaluated.
Experiments were initiated with neonatal
daphnids (< 24 hr old) and proceeded through
approximately four brood cycles (21 days). Four
treatment levels were evaluated for every chemi-
cal, and each treatment was replicated nine
times. Test solutions were maintained at 20°C
under a 16-hr light photoperiod. Solutions were
changed and offspring removed every 3 days.
Sex of individual offspring was determined
microscopically (10× magniﬁcation), with males
being discerned from females by the longer pri-
mary antennae (Olmstead and LeBlanc 2000).
Several chemicals were evaluated for their
ability to stimulate male progeny production.
Exposure concentrations for each chemical were
within the range of concentrations that affected
parthenogenic reproduction in standard life
cycle tests. The pesticidal JHA pyriproxyfen
(Chem Service, West Chester, PA) was evalu-
ated to further test our hypothesis that this class
of compounds speciﬁcally stimulates male prog-
eny production through its action as a methyl
farnesoate agonist. Methyl farnesoate (synthe-
sized by M. Feldlaufer, U.S. Department of
Agriculture, Beltsville, MD; provided by
H.H. Rees and G. Wainwright, University of
Liverpool, Liverpool, UK) was used as the
positive control (Olmstead and LeBlanc 2002).
The herbicide atrazine (Chem Service) was
evaluated because this chemical was reported
previously to stimulate male progeny produc-
tion (Dodson et al. 1999). Fenarimol (Chem
Service) was selected because this fungicide
functions as an antiecdysteroid (Mu and
LeBlanc 2002), and ecdysteroids have been
implicated in male progeny production
(Peterson et al. 2001). Pentachlorophenol
(Chem Service), a polar narcotic and an uncou-
pler of oxidative phosphorylation (Schuurmann
et al. 1997), was used to determine whether
male progeny production occurs in response to
general metabolic stress. Atrazine, fenarimol,
and pentachlorophenol were selected for use in
these experiments because they all had the
potential to stimulate male offspring produc-
tion although they are nonjuvenoid in structure
and function. Ethanol (Aaper, Shelbyville, KY)
was assessed because this alcohol was used as a
carrier solvent for the other chemicals and its
potential effect on male production required
evaluation. All chemicals (except ethanol)
were dissolved in ethanol as a carrier solvent.
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Figure 1. Chemical structures of endogenous and
synthetic terpenoid hormones. Juvenile hormone III
and methyl farnesoate are endogenous to insects
and crustaceans, respectively. Methoprene and
pyriproxyfen are pesticides that function as juvenile
hormone III mimics.
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Figure 2. Effects of various chemicals on male progeny production in daphnid populations. Bars represent
the average and standard deviation (error bars) of nine individually evaluated daphnid populations.
*Signiﬁcantly different from the control populations (ANOVA, Dunnett’s t-test, p ≤ 0.05).
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given test solution never exceeded 0.005%
vol/vol. Control solutions contained the same
concentration of ethanol as was present in the
respective chemical treatments. Signiﬁcant dif-
ferences (p ≤ 0.05) among treatments were eval-
uated using analysis of variance (ANOVA) and
Dunnett’s t-test (JMP software; SAS Institute,
Cary, NC).
Exposure to JHAs during oocyte develop-
ment. Methyl farnesoate was previously shown
to program maturing oocytes in the ovary to
develop into males (Olmstead and LeBlanc
2002). After ovarian maturation, the oocytes
are transferred to the brood chamber of the
maternal organism, where the embryos
develop. Free-swimming neonates are released
from the brood chamber upon completion of
embryo development. The transfer of oocytes
from the ovaries to the brood chamber coin-
cides with the molting of the maternal organ-
ism’s exoskeleton, and release of neonates
from the brood chamber coincides with the
next molt. Maternal daphnids were exposed to
concentrations of pyriproxyfen, methoprene,
or methyl farnesoate during oocyte matura-
tion, and sex of the resulting progeny exposed
in the ovary was determined. Should pyriprox-
yfen and methoprene program sex of daphnids
via the same mechanism as methyl farnesoate,
then sex determination should occur during
the same window of susceptibility.
Adult female daphnids carrying embryos
in their brood chambers were selected from
the cultures and placed individually in 50-mL
beakers containing 40 mL of media. Beakers
were examined every 12 hr for the presence of
a molted exoskeleton. Forty-eight hours after
detecting a molted exoskeleton, we trans-
ferred the daphnid to test media containing
the appropriate concentration of the test
chemical. The daphnid was maintained in
this solution for 24 hr, which encompassed
the sex-determining period of ovarian oocyte
maturation. Daphnids then were transferred
to juvenoid-free medium and maintained
until the brood of offspring exposed to the
juvenoid in the ovary was released. Food
(S. capricornutum, 7 × 106 cells, and ﬁsh food
homogenate, 0.2 mg dry weight) was pro-
vided to each beaker twice daily. Daphnids
typically produce only female offspring under
these nonstressed culture conditions. Sex of
individual offspring was determined as
described above. Results from these experi-
ments were fitted to concentration–response
curves with Origin software (MicroCal
Software Inc., Northampton, MA) using the
following concentration–response equation:
[1]
The concentration of a given chemical x is
denoted by Cx, p is the power or slope of the
curve, and the response caused by exposure to
that chemical is R, which is the percentage of
males per brood. EC50 values for each chemical
were determined from these ﬁtted equations.
The EC50 was the calculated concentration of
the material that caused a 50% incidence of
male offspring.
Binary combinations. A zero-interaction
concentration–response surface for the con-
centration-additive model was generated
using the fitted concentration–response
curves determined for the individual chemi-
cals. This surface is the theoretical concentra-
tion–response surface for mixtures of two
chemicals if they combine in a simple concen-
tration-additive fashion (Gessner 1995; Pöch
1993). The equation used to generate this
curve was derived from Equation 1 by adjust-
ing the second chemical’s concentration (Cy)
to equivalencies of the first chemical (Cx)
using a relative potency factor (EC50x/EC50y):
[2]
where Rc is the combined response of chemi-
cals x and y, and Cx and Cy are the concentra-
tions of chemicals x and y. The power of this
curve, p´, is the average of the slopes from the
individual concentration–response curves of
the two chemicals. The independent joint-
action model (Bliss 1939) was generated with
the following equation, which is derived from
probability theory:
Rc = Rx + Ry – RxRy [3]
where Rx and Ry are the responses for the indi-
vidual chemicals x and y, respectively.
Various combinations of pyriproxyfen and
methyl farnesoate or methoprene and methyl
farnesoate were then experimentally evaluated
for the stimulation of male progeny production
using the same methods as used with the indi-
vidual chemicals described above. Model pre-
dictions of male offspring production were then
generated for each chemical combination using
the concentration-additivity model and the
independent joint-action model. Model predic-
tions were compared with actual results by cal-
culation of coefﬁcients of determination (r2) for
each model (Zar 1996). The model producing
the highest coefficient of determination best
represented the experimental results.
Results
Increased male progeny production from
chemical exposure. Six chemicals were evalu-
ated for their ability to stimulate male prog-
eny production among daphnids. Only the
juvenoid hormone methyl farnesoate and the
JHA pyriproxyfen altered sex ratios of off-
spring in favor of males (Figure 2). Under
these exposure conditions, pyriproxyfen was
2–3 orders of magnitude more potent at stim-
ulating male progeny production than was
methyl farnesoate. Altered sex ratios were not
caused by differential embryo mortality
because the total number of offspring pro-
duced among daphnids exposed to either
methyl farnesoate or pyriproxyfen was not
signiﬁcantly different from the controls (data
not shown). These results demonstrate that
increased male production is not a generalized
response of daphnids to chemical stress, but
appears to be speciﬁc to juvenoid hormones.
Male-sex determination during oocyte
exposure. We performed experiments to deter-
mine whether, like methyl farnesoate, JHAs
determined the sex of daphnids during ovarian
oocyte maturation. Maternal daphnids were
exposed to the juvenoids under conditions that
promoted the production of only female off-
spring. The sex of offspring that were present,
as oocytes, in the ovaries of the maternal daph-
nids during juvenoid exposure was determined.
Exposure of oocytes to methyl farnesoate dur-
ing ovarian development programmed the
oocytes to develop into male offspring in a
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Figure 3. Concentration–response curves for the
induction of male progeny by methyl farnesoate,
pyriproxyfen, and methoprene. Data were ﬁtted with
Equation 1. Each data point represents the average
percentage males in individual broods of offspring
produced by 5 or 10 maternal daphnids.
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with an EC50 of 87 nM. Pyriproxyfen stimu-
lated male progeny production among
oocytes during ovarian development (Figure
3B) with an EC50 of 0.31 nM. Methoprene
also stimulated oocytes to develop into males,
but only at much higher exposure concentra-
tions (EC50 of 1,140 nM). The EC50 value
for male production by methoprene was
approximately the concentration that is lethal
to 50% of exposed neonatal daphnids (LC50
= 1,160 nM). Like methyl farnesoate, the
JHAs program sex in oocytes during ovarian
development.
Binary combinations. Results from the con-
centration–response analysis with the individual
chemicals (Figure 3) were used to model the
zero-interaction concentration–response surfaces
for binary mixtures of pyriproxyfen–methyl far-
nesoate and methoprene–methyl farnesoate.
These models are presented as contour plots
(Figure 4) to illustrate differences between the
concentration-addition and independent joint-
action models. The greatest difference between
model predictions was in the shape of the con-
tour lines across the surface. Contour lines were
straight along the entire response surface when
using the concentration-addition model (Figure
4A) and were concave using the independent
joint-action model (Figure 4B). The concave
character of the contour plot generated with the
independent joint-action model indicates that
combined effects predicted with this model are
less then those predicted by simple concentra-
tion additivity.
Similar contrasts between the shape of the
response surface were evident with the metho-
prene–methyl farnesoate combinations (Figure
4C,D). In addition, the independent joint-
action model predicted a response surface that
was less steep relative to the concentration-
addition model, with greater differences pre-
dicted between the two models (Figure 4C,D).
Contour lines generated from the independent
joint-action model had virtually no slope at the
lower methoprene concentrations. This implies
that the lower methoprene concentrations,
within the range evaluated, would have a mini-
mal effect on male sex determination.
The incidence of male progeny produc-
tion from actual binary combinations of the
chemicals was then experimentally deter-
mined and compared with the two models of
concentration addition and independent joint
action. The expected (model) and measured
(experimental) responses are presented in
Tables 1 and 2. For both binary mixtures, the
experimental results correlated better to the
concentration additive model. Coefﬁcients of
determination (r2) between observed and
modeled results according to concentration
additivity were 0.69 (pyriproxyfen–methyl
farnesoate) and 0.60 (methoprene–methyl
farnesoate). Lower r2 values were derived
between observed and modeled results when
using the independent joint-action model
(0.09, pyriproxyfen–methyl farnesoate; 0.14,
methoprene–methyl farnesoate). Residuals,
the measured minus the expected responses,
were consistently lower when using the con-
centration additive model for all binary com-
binations used. Residuals also were typically
greater than zero in both experiments. These
results are consistent with the hypothesis that
the JHAs alter sex ratios of offspring by the
same mechanism as methyl farnesoate; how-
ever, some synergy exists between the JHAs
and methyl farnesoate.
Discussion
Having previously established that the juvenoid
hormone methyl farnesoate is a male sex deter-
minant in daphnids (Olmstead and LeBlanc
2002), we hypothesized that insecticidal JHAs
also would influence the sex of offspring
through a mechanism of methyl farnesoate ago-
nism. We reported previously that exposure of
maternal daphnids to the JHA methoprene
altered sex ratios of offspring in favor of males
(Olmstead and LeBlanc 2001). Those results
are consistent with our current hypothesis.
However, methoprene also may have elicited
general stress upon the organisms, which may
stimulate male sex determination among off-
spring. To test this possibility, we exposed
maternal daphnids to several diverse chemicals,
and determined the effects on offspring sex
ratios. Only the juvenoid hormone methyl far-
nesoate and the JHA pyriproxyfen increased the
percentage of male offspring born among
exposed maternal daphnids. These experiments
confirmed that the increased production
of male progeny is not a generalized stress
response of the daphnids and suggest that
Article | Olmstead and LeBlanc
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Figure 4. Contour plots of the concentration–response surfaces for binary combinations of pyriproxyfen
and methyl farnesoate or methoprene and methyl farnesoate. (A) Concentration-additive model for a
binary mixture of pyriproxyfen and methyl farnesoate. (B) Independent joint-action model for the mixture
in (A). (C) Concentration-additive model for a methyl farnesoate and methoprene mixture. (D) Independent
joint-action model for the mixture in (C). Each color along the contour plot represents a 10% increase in
the incidence of male progeny per brood.
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Percentage males per broodinsecticidal JHAs function as methyl farnesoate
agonists.
Consistent with previous observations with
methyl farnesoate, both insecticidal JHAs
caused male sex determination during ovarian
oocyte maturation. In aphids, the absence of
juvenile hormone causes loss of one of the sex
chromosomes during oocyte maturation (Hales
and Mittler 1987). The resulting X0 embryos
develop into males. We suggest that a similar
mechanism of sex determination is operative in
daphnids, where exposure to methyl farnesoate
or JHA insecticides causes sex chromosome
diminution to the male genotype. This unique
period of susceptibility (oocyte maturation)
that is common to both the juvenoid hormone
methyl farnesoate and the insecticidal JHAs
further supports the hypothesis that the JHAs
function as methyl farnesoate agonists in this
crustacean species.
Peterson et al. (2001) reported that metho-
prene reduced the production of male progeny
in Daphnia pulex after a 6-day exposure of
adults. The reason for the discrepancy between
this study and our results is not known.
Perhaps experimental conditions favored the
action of methoprene as a methyl farnesoate
agonist in our studies but favored its action as
an antagonist in Peterson et al.’s (2001) study.
The herbicide atrazine was previously reported
to stimulate male production by Daphnia puli-
caria (Dodson et al. 1999). We were unable to
demonstrate the stimulation of male progeny
production by atrazine in the present study.
Differences in toxicity of this herbicide to the
different algal species used as daphnid food in
the two studies could have caused differential
food deprivation and resulting differences in
male offspring production.
Binary combinations of either JHA with
methyl farnesoate stimulated male progeny
production in a manner that better correlated
to the model for concentration additivity than
with that for independent joint action.
However, both models were deﬁcient in deﬁn-
ing the interactions because a synergistic
response was evident between the JHAs and
the juvenoid hormone. The mechanism re-
sponsible for this synergy is not known. A
likely scenario involves the ability of the JHAs
to interfere with metabolism or clearance of
the hormone by competitively binding to
enzymes or active transporters that modulate
activity or levels of the hormone. Similar syn-
ergistic interactions have been reported (Bigley
and Vinson 1979; El-Guindy et al. 1980;
Pratt 1975), and further research is required to
illuminate the mechanisms behind this com-
bined response. Although neither model pre-
cisely defined the combined action of the
JHAs with methyl farnesoate, the greater con-
cordance with the model for concentration
additivity contributes further support that the
JHAs stimulate male sex determination by act-
ing as methyl farnesoate agonists.
Trayler and Davis (1996) reported a 48-hr
LC50 for pyriproxyfen and Daphnia carinata of
250 nM. They also noted that exposure of
daphnids to 31 nM pyriproxyfen for 14 days
signiﬁcantly reduced fecundity and stimulated
resting egg production. Resting, or diapause,
eggs are haploid eggs that require fertilization
and typically are produced after the production
of males by females who have entered the sex-
ual reproductive cycle. Thus, it is likely that
pyriproxyfen stimulated increased male off-
spring production in this experiment; however,
sex of the offspring was not evaluated. Reduced
fecundity (i.e., reduced parthenogenic produc-
tion of offspring) was likely a consequence of
entry of the organisms into the sexual repro-
ductive phase. Schaefer and Miura (1990) sim-
ilarly reported a reduction in fecundity of
mixed populations of cladocerans and ostra-
cods at pyriproxyfen exposure levels of 31 nM
(Schaefer and Miura 1990).
Methoprene’s ability to alter sex ratios in
some crustacean populations would be of lim-
ited toxicologic concern under recommended
usage conditions, as discussed previously
(Olmstead and LeBlanc 2001). Male sex
determination occurred during acute exposure
only at methoprene concentrations that were
lethal to some portion of the population.
These exposure levels are not likely to be of
environmental relevance. However, metho-
prene also was demonstrated to stimulate male
production under experimental conditions
and exposure levels that were not lethal to the
organisms (Table 2; Olmstead and LeBlanc
2002). Therefore, the sex-determining effect
of methoprene was not an artifact of differen-
tial toxicity to male and female offspring.
The potency with which pyriproxyfen stim-
ulates the production of male offspring may be
of concern. Pyriproxyfen has been used histori-
cally in the United States for ﬂea and tick con-
trol in veterinarian applications, and in ﬁre ant
bait (Center of Integrated Pest Management
2002). However, this insecticide is increasingly
recommended for agricultural uses such as the
control of white ﬂy on cotton and scale insects
on fruit trees (Center of Integrated Pest
Management 2002). Although pyriproxyfen is
not recommended for direct application to the
aquatic environment, the possibility of runoff
and leaching into aquatic systems exists, and
there the biologic activity of this compound can
remain up to 2 months depending upon the
amount of organic material in the water
(Schaefer et al. 1988). The extreme potency
(100× to 1,000× that of methyl farnesoate) of
pyriproxyfen and its ability to elicit effects after
acute exposure warrants concern in its ability to
alter sex ratios in some crustacean populations.
Alterations in sex determination could
have dire consequences to populations of
cyclic parthenogens such as D. magna. The
production of male offspring is an early event
in the transition from parthenogenic to sexual
reproduction by these organisms. Sexual
reproduction is critical to the survival of pop-
ulations during periods of environmental
adversity (i.e., winter), whereas parthenogenic
reproduction allows for high fecundity and
rapid population growth during periods of
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Table 2. Stimulation of the production of male progeny by binary combinations of methoprene and methyl
farnesoate and model predictions of the combined exposures.
Methyl farnesoate (nM)
Methoprene 26 48 88 170 310
(nM) OBS CA IJA OBS CA IJA OBS CA IJA OBS CA IJA OBS CA IJA
64 0 3 5 28 17 18 97 56 51 100 90 84 100 98 96
116 0 5 5 13 21 18 92 59 51 100 91 84 100 99 96
200 16 8 5 53 27 19 97 64 51 100 92 84 100 99 96
360 17 17 5 100 39 19 80 72 51 100 93 84 100 99 96
640 91 38 14 100 59 26 100 82 56 100 95 86 100 99 97
Observed results (OBS) are presented along with model predictions for concentration addition (CA) and independent joint
action (IJA). Data are presented as percentage males per brood. Each experimental data point (OBS) represents the
average of five individual daphnids. Model predictions were derived from the concentration–response surface models
depicted in Figure 4.
Table 1. Stimulation of the production of male progeny by binary combinations of pyriproxyfen and methyl
farnesoate and model predictions of the combined exposures.
Methyl farnesoate (nM)
Pyriproxyfen 18 36 68 136 264
(nM) OBS CA IJA OBS CA IJA OBS CA IJA OBS CA IJA OBS CA IJA
0.11 15 15 5 12 30 12 86 58 37 89 86 77 100 97 95
0.19 49 35 18 71 50 24 98 71 46 99 90 80 100 97 95
0.33 100 66 56 100 75 58 100 85 70 100 94 89 100 98 97
0.59 100 89 88 100 91 89 100 94 92 100 97 97 100 99 99
1.04 100 97 98 100 98 98 100 98 98 100 99 99 100 99 100
Observed results (OBS) are presented along with model predictions for concentration addition (CA) and independent joint
action (IJA). Data are presented as percentage males per brood. Each experimental data point (OBS) represents the
average of five individual daphnids. Model predictions were derived from the concentration–response surface models
depicted in Figure 4.high resource availability. The aberrant pro-
duction of males by insecticide exposure
could interfere with asexual population
growth, threatening sustenance of the popula-
tion as well as populations of consumers that
rely upon the daphnids as an energy source.
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